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Materials and Methods 
Nanocrystal synthesis and characterization 
6 nm Au nanocrystals were synthesized according to Peng et al.1. 20 ml tetralin was combined 
with 24.3 ml 70% oleylamine and 200 mg HAuCl4 in air at 25
o C. A reducing solution of 1 mmol 
tert-butylamine-borane complex, 2 ml tetralin and 2.4 ml 70% oleylamine was then rapidly 
injected into the solution. The reaction was allowed to proceed for 1 hour. 100 μl dodecanethiol 
was added to the nanocrystals solution and then heated to 60o C for 15 min under N2 gas. 
Nanocrystals were precipitated and washed using ethanol and redispersed in toluene. Nanocrystals 
were imaged using a FEI Tecnai G2 TEM at 200 keV accelerating voltage. Nanocrystal size 
distribution was determined from TEM images using ImageJ (Fig. S1). 
 
Fig. S1. TEM size distribution of as-synthesized nanocrystals. The average diameter of as-
synthesized nanocrystals was 6.0±0.3 nm (300 particles measured). 
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High pressure XRD 
Pressure-dependent measurements were performed in a Diacell© One20 DAC from Almax 
easyLab with ruby powder as a pressure calibrant. The diamonds had 500 µm culets and a T-301 
stainless steel gasket with a 300 μm hole was used. Nanocrystals were drop casted on a glass slide 
to form a thick layer of gold nanocrystals. A small piece of the dried sample was loaded into the 
sample chamber with ruby powder and then the sample chamber was flooded with toluene. 
Toluene freezes at approximately 1.9 GPa and acts as a non-hydrostatic pressure medium2. The 
mean pressure was calculated from the shift in the R1 line3. 
XRD measurements were performed at beamline 12.2.2 at the Advanced Light Source at 
Lawrence Berkeley National Laboratory. The wavelength of the incident x-ray beam was fixed at 
0.4976 Å and an x-ray spot size of 15 µm was used. Diffraction patterns were collected for 120 s 
using the Mar345 image plate detector. The sample to detector distance was calibrated using a 
CeO2 standard. The 2D images were integrated to 1D plots using FIT2D software
4–6. The XRD 
peak parameters were calculated by fitting the peaks to a combination of Gaussian and Lorentzian 
peak functions along with a high order polynomial for the background. 
In addition to fitting errors, the contribution from instrumental broadening is important to 
consider. Even though the instrumental broadening is a fixed contribution, it is a lower limit on 
the accuracy of changes observed. The pixel resolution on the detector is 0.015o 2θ. The beamline 
reports a divergence of 0.5 mrad, which is equal to 0.028o 2θ broadening. The measured 
instrumental broadening (including the contribution from the sample placement) is 0.069o 2θ from 
the XRD standard at the beamline. 
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MD simulations 
We employed LAMMPS software to run MD simulations of 3.9 nm and 6 nm icosahedral Au 
nanocrystals to investigate the size-dependent stability of twin boundary structures7. The atomistic 
interaction between the gold atoms was described using the EAM potential developed by H. 
Sheng8. First, we computed atomic potential energy distribution in two pristine nanocrystals to 
quantitatively assess geometrically-induced pre-stress and strain energy. Then, to test the stability 
of twin boundary structures, we conducted 900K simulations of two nanocrystals in vacuum under 
NVT ensemble for 500 ns with a time step of 1 fs. We did high temperature MD simulations to 
accelerate the defect activation by thermal fluctuation9 because no defect activity was observed 
for both nanocrystals with 300K simulation due to limited timespan. For a clearer visualization of 
the dislocation and twin boundary structures, we relaxed the Au nanocrystal structure at 0K to 
remove the atomic displacement from thermal fluctuation. We used the open visualization tool 
(OVITO) to visualize the atomic configurations, and employed the dislocation extraction 
algorithm (DXA) to identify dislocations and stacking faults10.  
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Supplementary Text 
Ambient pressure XRD 
Ambient pressure XRD for Au nanocrystals and bulk Au (from ICDD PDF: 00-004-0784) is 
plotted in Fig. S2. 
 
Fig. S2. XRD patterns of 6 nm Au nanocrystal at ambient pressure and generated bulk Au 
(ICDD PDF:00-004-0784). 
 
Bulk modulus calculation 
The unit cell volume was obtained at different pressures by fitting the (111), (220) and (311) 
diffraction peaks. The modulus that corresponds to the change in volume versus pressure was 
found to be 289 GPa (Fig. S3). This is significantly higher than the bulk modulus for bulk Au 
(~170 GPa), and the previously reported bulk modulus for Au nanocrystals with sizes from 10 to 
20 nm (~196 GPa) 11,12. The high value of the calculated modulus confirms the non-hydrostatic 
stress state within the diamond anvil cell and may have contributions from elastic size effects.  
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Fig. S3. Changes in volumetric strain with pressure upon loading. Linear fit was used to 
determine the bulk modulus for the Au nanocrystals. 
 
Debye scattering equation 
We constructed icosahedral MT and cuboctahedral SC Au nanocrystals of the sizes 5.8, 6 and 6.2 
nm. The nanocrystals were equilibrated at 300K using MD simulations followed by 0 K energy 
minimization. The atomic positions were used to obtain powder XRD patterns by using the Debye 
equation. Two compositions were simulated: 80% MT and 20% SC, and 40% MT and 60% SC, to 
match the experimental pre and post compression distribution (Fig. S4). (200) peak was split into 
left and right peaks as in the experimental dataset and the ratio of left to right peak intensity is 
proportional to the fraction of MT nanocrystal in the sample. 
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Fig. S4. Simulated XRD patterns using Debye scattering equation for mixture of 6 nm 
icosahedral MT and cuboctahedral SC nanocrystals. 80% MT and 20% SC showed higher ratio 
of left (200) to right (200) peak, and 40% MT and 60% SC showed lower ratio of left (200) to 
right (200) peak. In addition, the peak width for low MT mixture is smaller than for high MT 
mixture.  
  
 20 
Post-compression TEM images 
 
Fig. S5. Post-compression TEM images of 6 nm Au nanocrystals after adding toluene to the 
grid after imaging. Most SC nanocrystals reverted back to MT structure. Scale bar is 5 nm. 
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Fig. S6. Experimental high-pressure XRD patterns for 3.9 nm nanocrystals18. 
 
Energy calculation for MT to SC transition 
The following notations and values are used in this calculation which are performed in spherical 
coordinates ( 𝑟, 𝜃 and 𝜙).  
 
Strains: 𝑒𝑟𝑟, 𝑒𝜃𝜃 and 𝑒𝜙𝜙 
Stresses: 𝜎𝑟𝑟, 𝜎𝜃𝜃 and 𝜎𝜙𝜙 
 Radial displacement: 𝑢𝑟 
 External pressure: 𝑃  
Strain due to icosahedral geometry:  𝜖𝐼 (0.0615) 
Poisson’s ratio: 𝜈 (0.42)  
Shear modulus: 𝜇 (27.4 GPa at ambient pressure and 34.6 GPa at 7.7 GPa) 
Volume: 𝑉  
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Radius of the particle: 𝑅 
Diameter of the particle: D  
Elastic strain energy: 𝑊𝑒𝑙  
IC denotes icosahedral 
SC denotes single crystalline  
Energy of straining the surface: 𝑊𝛾 
Surface energies:  𝛾111 (1.3 J/m
2 14), 𝛾100 (1.6 J/m
2 14)  
Twin boundary energy:  𝛾𝑡 (0.04 J/m
2 15,16) 
Total strain in the surface: 𝑒𝑠 
Dimensionless parameter defined in ref. 17: 𝜖𝑤 
Energy due to surface stresses: 𝑊𝑠 
Total energy of the nanocrystal: 𝑈 
Cohesive energy: H(V) 
 
Here, we calculate the energy of a nanocrystal, and account for applied pressure: 
 𝑈 = 𝑊𝑠 + 𝑊𝛾 + 𝑊𝑒𝑙 + 𝐻(𝑉) (2) 
First, we calculate 𝑊𝛾 and 𝑊𝑠. Following the derivation by Howie and Marks
13: 
 𝑒𝑟𝑟 =
𝜕𝑢𝑟
𝜕𝑟
 (2) 
 𝑒𝜃𝜃 = 𝑒𝜙𝜙 =
𝑢𝑟
𝑟
+ 𝜖𝐼 (3) 
Equation for equilibrium:  
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𝜕𝜎𝑟𝑟
𝜕𝑟
+
2𝜎𝑟𝑟 − 𝜎𝜃𝜃 − 𝜎𝜙𝜙
𝑟
= 0 (4) 
Solving this with the boundary conditions that 𝑢𝑟|𝑟=0 = 0 and 𝜎𝑟𝑟|𝑟=𝑅 = −𝑃: 
 𝑢𝑟 =
2𝜖𝐼
3
(
1 − 2𝜈
1 − 𝜈
) 𝑟 ln(𝑟) + (−
𝑃(1 − 2𝜈)
2𝜇(1 + 𝜈)
−
2
3
𝜖𝐼 −
2
3
𝜖𝐼 (
1 − 2𝜈
1 − 𝜈
) ln (𝑅)) 𝑟 (5) 
Using this we get, 
 𝑒𝑟𝑟 =
2
3
𝜖𝐼 (
1 − 2𝜈
1 − 𝜈
) [ln (
𝑟
𝑅
) + 1] −
2
3
𝜖𝐼 −
𝑃(1 − 2𝜈)
2𝜇(1 + 𝜈)
 (6) 
 𝑒𝜃𝜃 = 𝑒𝜙𝜙 =
2
3
𝜖𝐼 (
1 − 2𝜈
1 − 𝜈
) ln (
𝑟
𝑅
) +
1
3
𝜖𝐼 −
𝑃(1 − 2𝜈)
2𝜇(1 + 𝜈)
 (7) 
 𝜎𝑟𝑟 = −𝑃 +
4
3
𝜖𝐼𝜇 (
1 + 𝜈
1 − 𝜈
) ln (
𝑟
𝑅
) (8) 
 𝜎𝜃𝜃 = 𝜎𝜙𝜙 = 𝜎𝑟𝑟 +
2𝜇𝜖𝐼
3
(
1 + 𝜈
1 − 𝜈
) (9) 
Elastic strain energy:  
 𝑊𝑒𝑙 =
1
2
(𝜎𝑟𝑟𝑒𝑟𝑟 + 𝜎𝜃𝜃𝑒𝜃𝜃 + 𝜎𝜙𝜙𝑒𝜙𝜙) (10) 
For IC nanocrystal: 
 𝑊𝑒𝑙
𝐼𝐶 = (
(1 − 2𝜈)3𝑃2
(1 + 𝜈)4𝜇
+
2𝜖𝐼
2𝜇(𝜈 + 1)
3(1 − 𝜈)
) 𝑉 (11) 
Where, 
 𝑉 =
4𝜋
3
𝑅3 (12) 
Similarly, for SC nanocrystal: 
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 𝑊𝑒𝑙
𝑆𝐶 = (
(1 − 2𝜈)3𝑃2
(1 + 𝜈)4𝜇
) 𝑉 (13) 
Energy due to surface strain: 
 𝑊𝛾 = 𝜖𝑤𝛾111𝑉
2
3(1 + 𝑒𝑠) (14) 
Where, 
 𝜖𝑤
𝐼𝐶 = {67.5√3[(1 + 3𝜂)3 − 24𝜂3]}
1
3  (15) 
 𝜖𝑤
𝑆𝐶 = [108√3(1 − 3𝛽3)]
1
3 (16) 
 𝜂 =
𝛾𝑡
2𝛾111
 and 𝛽 = 1 −
𝛾100
√3𝛾111
 (17) 
 𝑒𝑠
𝐼𝐶
=
2
3
𝜖𝐼 −
𝑃(1 − 2𝜈)
𝜇(1 + 𝜈)
 (18) 
 𝑒𝑠
𝑆𝐶
= −
𝑃(1 − 2𝜈)
𝜇(1 + 𝜈)
 (19) 
Energy due to surface stresses: 
 𝑊𝑠 =  −
𝜖𝑤
2 𝛾111
2 𝑉
1
3
6𝜇
(
1 − 2𝜈
1 + 𝜈
) (20) 
Total energy for nanocrystals is given by: 
 𝑈 =  𝑊𝑠 + 𝑊𝛾 + 𝑊𝑒𝑙 + 𝐻(𝑉) (21) 
 𝑈 =  −
𝛾111
2 𝑉
1
3
6𝜇
(
1 − 2𝜈
1 + 𝜈
) (𝜖𝑤
2 ) + 𝛾111𝑉
2
3[𝜖𝑤(1 + 𝑒𝑠)] + 𝑊𝑒𝑙 + 𝐻(𝑉) 
(22) 
Energy difference between SC and IC nanocrystals: 
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Δ𝑈 =  −
𝛾111
2 (
4𝜋
3 𝑅
3)
1
3
6𝜇
(
1 − 2𝜈
1 + 𝜈
) Δ(𝜖𝑤
2 ) + 𝛾111 (
4𝜋
3
𝑅3)
2
3
Δ[𝜖𝑤(1 + 𝑒𝑠)] + Δ𝑊𝑒𝑙 
(23) 
Setting Δ𝑈 = 0 gives the equilibrium 𝑅 and D for SC to IC transition. At ambient pressure (𝑃 =
0.1 MPa) we get D = 7.2 nm and at high pressure (𝑃 = 7.7 GPa) we get D = 5.4 nm (Fig. S7). 
 
 
Fig. S7. Pressure dependence of equilibrium diameter for SC to IC transition, plotted using 
eqn. (23). 
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Fig. S8. Continuous displacive Mackay transformation from icosahedral to cuboctahedral. 
A) Initial multiply twinned icosahedral shape. B) Direction of motion of atoms and the applied 
force by non-hydrostatic pressure. C) Bond between X and Z atoms is broken, and all the atoms 
are relaxed. D) Final transformed cuboctahedral shape. 
Calculation of deviatoric stress  
The difference between the axial and radial stress (t) is calculated using lattice strain theory at each 
pressure 19. First, the quantity 𝑄(ℎ𝑘𝑙) is calculated for the (111), (220), and (311) peaks: 
                                                            𝑄(ℎ𝑘𝑙) =  
[𝑎𝑚(ℎ𝑘𝑙) − 𝑎𝑝]
𝑎𝑝(1 − 3 sin2 𝜃ℎ𝑘𝑙)
 (24) 
Where am(hkl) is the lattice parameter from the experimental data (non-hydrostatic pressure), ap is 
the expected lattice parameter of Au under hydrostatic pressure, and θhkl is the experimental XRD 
peak position. ap is calculated by using 196 GPa as the bulk modulus of Au nanocrystals 
12, and 
an effective hydrostatic pressure that is the sum of the applied pressure (measured from Ruby peak 
shift) and the pressure due to surface stress which was determined by the ambient pressure peak 
shift compared to bulk Au (Fig. S2).  
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t is then calculated as: 
 𝑡 = (6𝐺)〈𝑄(ℎ𝑘𝑙)〉𝑓(𝑥) (35) 
<Q(hkl)> is the average of Q(111), Q(220) and Q(311). G is the shear modulus at the hydrostatic 
pressure20. f(x) is equal to: 
 𝑓(𝑥) =
𝐴
𝐵
 (26) 
Where A and B are constants that are defined as: 
 𝐴 =
2𝑥 + 3
10
+
5𝑥
2(3𝑥 + 2)
 (27) 
 𝐵 = 𝛼[𝑥 − 3(𝑥 − 1)〈Γ(ℎ𝑘𝑙)〉] +
5𝑥(1 − 𝛼)
3𝑥 + 2
 (28) 
 𝑥 =
2(𝑆11 − 𝑆12)
𝑆44
 (29) 
 Γ(ℎ𝑘𝑙) =
(ℎ2𝑘2 + 𝑘2𝑙2 + 𝑙2ℎ2)
(ℎ2 + 𝑘2 + 𝑙2)2
 (30) 
α is equal to 0.5 (in between Reuss (iso-stress) and Voigt (iso-strain) conditions) 21. Γ(hkl) is 
calculated for the (111), (220) and (311) peaks and then averaged to find <Γ(hkl)>. t as a function 
of applied pressure is shown in Fig. S9. 
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Fig. S9. Pressure dependence of calculated deviatoric stress from experiments. 
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Movie S1. In-situ TEM video of post-compression nanocrystals under high dose electron 
beam. The heating caused rapid motion of twin boundary and sintering of the nanocrystals. Scale 
bar is 5 nm. 
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